on subjective data is debatable (Karcher, 2000) as the data tend to be discrete and ordinal rather than continu- could be successfully quantified with a colorimeter. Values from the colorimeter were significantly correlated with visual color assessments averaged across five evaluators. Other researchers have successfully used colorim-
could be successfully quantified with a colorimeter. Values from the colorimeter were significantly correlated with visual color assessments averaged across five evaluators. Other researchers have successfully used colorim-T urf color is a key component of aesthetic quality eters to evaluate varying turf color due to seasonal and a good indicator of water and nutrient status changes (Kimura et al., 1989) or differences among culti- (Beard, 1973) . Therefore, color is often evaluated in vars and genetic lines (Thorogood et al., 1993) . Alturfgrass experiments. Color is traditionally evaluated though promising, a potential shortcoming of the colorby visually rating turf plots on a scale of 1 to 9, with 1 imeter used in those studies is the relatively small representing yellow or brown turf and 9 representing measurement area (Ͻ20 cm 2 ). In the absence of exoptimal, dark green turf. Although color ratings provide tremely uniform surface conditions, numerous subsamquick data acquisition without the need for specialized ple measurements with the colorimeter would be necesequipment, they are a subjective measure from which sary to accurately represent the color of typical turfgrass human bias is difficult to remove. As a result, inconsisfield plots. tencies often exist among raters when evaluating the In recent years, digital photography has become a same turf plots. Relatively poor correlations existed common and affordable means for the scientific commuamong experienced researchers (r Ͻ 0.68) when rating nity to document and present images. Digital cameras, the same turf plots for density, color, and leaf spot in conjunction with image analysis software, are being (Skogley and Sawyer, 1992; Horst et al., 1984). Correlaused to quantify wheat (Triticum aestivum L.) senestions this low would probably be considered unacceptcence (Adamsen et al., 1999) and canopy coverage in able when using other evaluation tools (e.g., balances, wheat (Lukina et al., 1999) and soybeans [Glycine max spectrometers, pH meters) to measure the same turf L. (Merr.)] (Purcell, 2000) . Recently, digital image analsample. Furthermore, the applicability of standard ANysis was used to quantify turf coverage with increased OVA procedures and traditional means separation tests precision over more traditional evaluation methods
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The average RGB levels of the digital images were calcu- (Richardson et al., 2001 ). Through digital photography, lated using SigmaScan Pro version 5.0 software (SPSS, 1998 (Fig. 1) . In HSB color description, hue is defined as an angle on a continuous
If max(R,G,B) ϭ G, 60(2 ϩ {(B Ϫ R)/[max(R,G,B) Ϫ circular scale from 0 to 360Њ (0Њ ϭ red, 60Њ ϭ yellow, 120Њ ϭ green, 180Њ ϭ cyan, 240Њ ϭ blue, 300Њ ϭ magenta), min(R,G,B)]}) saturation is the purity of the color from 0% (gray) to 100% (fully saturated color), and brightness is the Brightness that visual differences in turf color were sometimes the max(R,G,B). result of color saturation differences between turf plots rather than hue differences (Karcher, 2000, unpublished data).
Camera Calibration The objective of the following research was to deter-A series of digital images were taken of color chips from mine if readily available equipment (a digital camera Munsell Color Charts for Plant Tissues (GretagMacbeth LLC, and commercially available software) could accurately New Windsor, NY). Six images of varying hue were collected, quantify turfgrass color using an HSB color scale. Digital ranging from yellowish green to green (chip numbers 5Y 6/6, images were taken of standard color objects (Munsell 2.5GY 6/6, 5GY 6/6, 7.5GY 6/6, 2.5G 6/6, 5G 6/6). Eight images Plant Tissue color chips) to determine the accuracy of of varying saturation were collected, ranging from grayish digital image analysis with regard to the quantification green to bright green (chip numbers 7.5GY 6/2, 7.5GY 5/2, of color parameters. Digital images were collected of 7.5GY 6/4, 7.5GY 5/4, 7.5GY 6/6, 7.5GY 5/6, 7.5GY 6/8, 7.5GY 5/8). Ten images of varying brightness were collected, ranging turfgrass field plots varying in visual color due to either from light green to dark green (chip numbers 7.5GY 8/4, N fertility or genetically controlled differences to deter-7.5GY 7/4, 7.5GY 6/4, 7.5GY 5/4, 7.5GY 4/4, 7.5GY 8/6, 7.5GY mine if digital image analysis was capable of quantifying 7/6, 7.5GY 6/6, 7.5GY 5/6, 7.5GY 4/6). These Munsell color color differences.
chips were chosen because they covered a relatively broad range of HSB levels and visually corresponded with plant
MATERIALS AND METHODS
tissue HSB levels typical of turfgrass (Beard, 1973) . Calibration images were taken under dark conditions using only the Color Quantification of Digital Images cantly different from zero (P Ͻ 0.05) (Freund and Wilson, differences among turf plots due to N treatments. The first experimental area was established with 'Meyer' zoysiagrass 1993).
during the summer of 1996 on a silt loam (Typic Hapludult, pH 6.2). Individual plots were 1.4 m 2 and mowed at a height
Nitrogen Fertility Color Differences of 1.9 cm. The second experimental area was a 'Crenshaw' Two ongoing N fertility field studies were used to assess creeping bentgrass putting green built in 1998 according to USGA recommendations (United States Golf Association, the ability of digital image analysis to quantify visual color 1993). Individual plots were 1.5 m 2 and mowed at a height of ance. Since the visual rating scale was unrelated to color values obtained from digital image analysis, the relative variances 0.4 cm. Both experimental areas were located at the University of Arkansas Research and Extension Center in Fayette-(coefficients of variation) were used for statistical comparison. Sample variances were calculated as the within-plot mean ville, AR.
The zoysiagrass study consisted of two treatment factors, N square for each color quantification method. Confidence bounds (95%) were constructed for the sample means and the withinsource (7 levels) and N rate (3 levels). The N source treatment levels included: (i) 100% ammonium sulfate (AS); (ii) 100% plot variances and were used to calculate confidence bounds for the coefficients of variation. The relative variances of the polymer-coated urea (PCU); (iii) 100% sulfur-coated urea (SCU); (iv) 33% AS, 67% PCU; (v) 33% AS, 67% SCU; (vi) methods were determined to be significantly different if the respective confidence bounds for the coefficients of variation 67% AS, 33% PCU; and (vii) 67% AS, 33% SCU. Each N source was applied at three N rate levels: (i) 4.8, (ii) 7.2, and did not overlap. (iii) 9.6 g m Ϫ2 . Each of the resultant 21 fertility treatments was replicated four times in a randomized complete block Cultivar Color Differences design. Treatment applications were made in mid-May and
Plots from a bermudagrass cultivar trial were used to assess mid-August in 2000.
the ability of digital image analysis to quantify visual color The creeping bentgrass study consisted of one treatment differences among cultivars. The trial was established in the factor, N rate (7 levels). The N rate treatment levels included summer of 1997 at the University of Arkansas Research and 0, 1, 2, 3, 4, 5, and 6 g m Ϫ2 . The N source for all treatments Extension Center in Fayetteville, AR (silt loam, Typic Hapluwas methylene urea. Each N rate was applied four times in a dults, pH 6.2), and was a test site for the 1997 National Turfcompletely randomized design. Treatment applications were grass Evaluation Program (NTEP) bermudagrass trial (NTEP, made monthly from June through September in 2000.
1999). Individual plots were 1.4 m 2 and maintained at a 1.9-cm Digital images were collected from each plot on 28 Sept. mowing height. The study was replicated three times in a 2000 on the zoysiagrass study [44 d after treatment (DAT)] completely randomized design. and on 16 Nov. 2001 on the creeping bentgrass study (55 DAT)
Digital Images were taken as described previously on each between 1300 and 1400 h during mostly sunny conditions (illureplication of four cultivars that varied in green color (NTEP, minance ≈ 50 000 lux). Images were collected by a researcher 1999): 'Cardinal' (strong yellow-green), 'Shanghai' (dark graystanding immediately next to the plot while holding the camera green), 'Mini-Verde' (strong dark yellow-green), and 'Tifway' directly over the center of the plot ≈1.5 m above the turf (typical bermudagrass green color). The plots were photocanopy. Care was taken to avoid casting shadows on the turf graphed on 21 Sept. 2000 between 1325 and 1335 h during inside plot. Concurrent to the collection of digital images, the overcast conditions (illuminance ≈ 5000 lux). zoysiagrass and creeping bentgrass studies were visually rated One-way ANOVAs were performed using PROC GLM in for color by five and three independent researchers (rater SAS Statistical Software (SAS Institute, 1996) on the HSB experience ranged from a minimum of 2 yr to Ͼ10 yr), respecand DGCI data sets, with cultivar as the treatment variable. tively. Color ratings were based on a 1 to 9 scale where 1 ϭ For a given color parameter, differences were determined tan or brown turf, 6 ϭ minimum acceptable color, and 9 ϭ significant among cultivars when the ANOVA f test had a optimal dark green color. A DGCI was created from the HSB corresponding P value Յ 0.05. In such cases, a Fisher's provalues to obtain a single value from digital image color analysis tected LSD test was performed to separate cultivar differences for comparison with values from subjective visual ratings. The (Freund and Wilson, 1993). index was created to measure the relative dark green color of an image using the following equation:
Camera Calibration
The color index was calculated from the average of transformed HSB parameters. Each transformed parameter meaDigital image analysis differentiated HSB levels of sures dark green color on a scale of zero to one. Since the the Munsell Plant Tissue color chips chosen for this hue of most turfgrass images ranges between 60Њ (yellow) and study (Fig. 2, 3 , and 4). Hue and saturation measure-120Њ (green), the maximum dark green hue was assigned as ments obtained through digital image analysis were sta- ues yielded a single measure of dark green color, the DGCI actual brightness ϭ 0.60 (measured brightness) ϩ 0.37.
value, which ranged from zero to one with higher values corresponding to darker green color.
Nitrogen Fertility Color Differences
Analyses of variance were performed using PROC GLM in SAS Statistical Software (SAS Institute, 1996) on the visual rate treatments. In the creeping bentgrass study, HSB Three digital images were taken on plots from the zoy-
and DGCI values were all significantly affected by N rate.
siagrass and creeping bentgrass studies to compare the variance of digital image analysis with subjective visual rater variIn both studies, similar treatment rankings were ob- tained by digital image analysis and subjective ratings and DGCI ranged from 2 to 18 times less than that of visual ratings (Tables 3, 4 ). All coefficients of variation (Tables 1 and 2 ). The 100% PCU treatment had signififor the digital image analysis parameters were statisticantly lower DGCI and visual rating means than all cally smaller than the CV% for the visual ratings based other treatments (with the exception the 67% PCU on the 95% confidence intervals. mean for DGCI). In addition, there were significant differences among all three N rate treatment means Cultivar Color Differences (9.6 g m Ϫ2 Ͼ 7.2 g m Ϫ2 Ͼ 4.8 g m
Ϫ2
) with regard to DGCI and visual ratings.
There were significant differences among bermudagrass cultivars with regard to hue, saturation, and DGCI In both studies, the coefficients of variation for HSB ( Table 5 ). Cultivar hue ranged from 71Њ to 92Њ, while 18 trial locations (NTEP, 1999). 'Shanghai', which appeared darker to the eye than the other cultivars, had saturation and DGCI levels ranged between 29 to 42% and 0.39 to 0.55, respectively. 'Cardinal', with an average a significantly lower saturation level than the other cultivars (Table 5 ). The dark color of this cultivar was apparhue of 76.2Њ, was ≈10Њ (and significantly) lighter in hue than the other three cultivars. This result was consistent ently due to its grayish green color (less saturation), rather than it being a darker shade of green (higher hue). with 'Cardinal' appearing a lighter shade of green to the eye than the other three cultivars. 'Cardinal' also The 'Cardinal' DGCI mean ranked significantly (P Ͻ 0.05) lower than the other three cultivars, which were ranked lowest in genetic color among 28 cultivars in the 1997 NTEP trials when results were averaged across statistically equal. In addition, the increased DGCI for 'Shanghai' compared with 'Tifway' and 'Mini-Verde' probably the result of removing either rater bias or rater was nearly significant (P ϭ 0.07). These differences in error from the color evaluation process. color are in strong agreement with results from the 1997
These results confirm that visual ratings can be used NTEP trials where all four cultivars were significantly to separate treatment effects on turf color. In most cases, different: 'Shanghai' Ͼ 'Tifway' Ͼ 'Mini-Verde' Ͼ raters ranked the turf plots similarly although differ-'Cardinal' (NTEP, 1999). Although 'Tifway' and 'Miniences existed in their absolute rating values. Therefore, Verde' were not significantly different in DGCI using color ratings remain a valid evaluation tool if data are digital image analysis, they only differed by 0.3 rating not compared across raters. However, the accuracy of units in the 1997 NTEP trial (LSD0.05 ϭ 0.2).
digital image analysis, demonstrated in the calibration experiments, enables researchers to record reflected tur-
DISCUSSION
fgrass color on a standardized scale rather than using arbitrary rating values. Therefore, valid comparisons of Digital photography and image analysis were able color data across researchers, locations, and years are to quantify color differences among standard Munsell possible with digital image analysis. Plant Tissue color chips, zoysiagrass and creeping bentCreeping bentgrass plots had significant differences in grass receiving various N fertility treatments, and ber-HSB levels, whereas zoysiagrass plots were significantly mudagrass cultivars of varying genetic color. When vidifferent only with regard to hue. This may be due to sual ratings and digital image analysis were both a genetic difference in N uptake and utilization between performed, the statistical ranking of treatment means the two species. However, in both species, significant were similar between the two methods. However, DGCI DGCI differences existed due to N treatments. Therevariance was significantly lower than rater variance when the same turf plots were evaluated multiple times, fore, the DGCI is a more consistent measure of dark green color across species than the individual measure-
The ability to distinguish color differences among turf ments of H, S, or B. Since N fertility significantly afplots as either H, S, or B differences is a significant fected the HSB levels of creeping bentgrass and zoyadvantage of digital image analysis over subjective visiagrass (Fig. 5A) , 1984) . This may be a factor in multisite trials when bermudagrass. an individual cultivar is ranked inconsistently from locaDigital image analysis was more time consuming than tion to location (NTEP, 1999) . Color evaluation with visual color ratings, but far less labor intensive than digital photography and image analysis may minimize traditional laboratory methods that are used to quantify variations due to locations and years and would increase turf color (amino acid and chlorophyll assays). Images the validity of comparing color data across both.
were collected in the field at a rate of ≈2 images per minute and were analyzed with SigmaScan at a rate of to measure large areas of turf in situ. The area of turf ** Significant at the 0.01 level of probability.
that is possible to evaluate is limited only by the height *** Significant at the 0.001 level of probability.
of the camera above the canopy and the subsequent † 0؇ ϭ red, 60؇ ϭ yellow, 120؇ ϭ green, 180؇ ϭ cyan, 240؇ ϭ blue, and 300؇ ϭ magenta.
field of vision. An el-shaped monopod was designed at ‡ 0% ϭ gray and 100% ϭ fully saturated color.
the University of Arkansas that enables images to be § 0% ϭ black and 100% ϭ white. measure areas smaller than 20 cm 2 (less area than a
